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T cell development occurs in the thymus. The thymic
microenvironment attracts hematopoietic progeni-
tors, specifies them toward the T cell lineage, and
orchestrates their differentiation and egress into the
periphery. The anatomical location of the thymus
and the intrauterine development of mouse embryos
have so far precluded a direct visualization of the
initial steps of thymopoiesis. Here,wedescribe trans-
genic zebrafish lines enabling the in vivo observation
of thymopoiesis. The cell-autonomous proliferation
of thymic epithelial cells, their morphological trans-
formation into a reticular meshwork upon contact
with hematopoietic cells, and the multiple migration
routes of thymus-settling cells could be directly visu-
alized. The unexpectedly dynamic thymus homing
process is chemokine driven and independent of
blood circulation. Thymocyte development appears
to be completed in less than 4 days. Our work estab-
lishesa versatilemodel for the in vivoobservation and
manipulation of thymopoiesis.
INTRODUCTION
Thymopoiesis involves a series of spatially and temporally well-
coordinated cell-autonomous and non-cell-autonomous differ-
entiation events in hematopoietic and nonhematopoietic cells
that occur in a dedicated primary lymphoid organ, the thymus.
Despite many differences in the anatomical structure and
location of general hematopoietic tissues in different classes of
vertebrates, T cell development always occurs in the epithelial
microenvironment of the thymus (Boehm, 2011). The molecular
underpinnings of thymopoiesis have mostly been deduced
from studies in the mouse (Rodewald, 2008; von Boehmer,
2004). However, studies onmany aspects pertaining to the phys-
iology of thymopoiesis, such as the homing of cells to the thymus
and their intraorgan migration and interaction, would greatly
benefit from the possibility of long-term direct observation of
living tissues in the intact animal. Unfortunately, this is not
possible in the mouse, because the thymus is deeply embedded
in cervical and thoracic tissues and therefore not accessible for
direct and continuous observation. Hence, spatiotemporal
features of mouse thymopoiesis have been inferred from static298 Immunity 36, 298–309, February 24, 2012 ª2012 Elsevier Inc.observations (Anderson et al., 2009; Love and Bhandoola,
2011; Nitta et al., 2011; Rodewald, 2008; von Boehmer, 2004)
or short-term ex vivo analyses (Bousso et al., 2002; Ehrlich
et al., 2009; Le Borgne et al., 2009; Phee et al., 2010; Sanos
et al., 2011; Witt et al., 2005). Therefore, an urgent need exists
for animal models that allow direct and extended in vivo analysis
to capture the cellular dynamics of thymopoiesis.
Zebrafish is an emerging model in immunological research.
Recent results have underscored the surprising similarities
between zebrafish andmammals inmany aspects of hematopoi-
etic and immune system development and function (Bertrand
and Traver, 2009; Boehm et al., 2003; de Jong and Zon, 2005;
Langenau and Zon, 2005; Lesley and Ramakrishnan, 2008;
Lieschke and Trede, 2009). For instance, some immunological
phenotypes identified in genetic screens in zebrafish are caused
bymutations in genes, themammalian counterparts of which are
known to underlie mammalian immunodeficiency syndromes
(Iwanami et al., 2011; Wienholds et al., 2002). Collectively, these
findings suggest that zebrafish might serve as a general model
for studying immune system development. With regard to the
process of thymopoiesis, several aspects of T cell development
have been investigated previously with the zebrafish model
(Bertrand et al., 2008; Boehm et al., 2003; Kissa et al., 2008;
Langenau and Zon, 2005; Li et al., 2007; Murayama et al.,
2006), although the development of the thymic stroma and its
interaction with the lymphoid compartment have not yet been
studied. To make this possible, we have established a range of
new transgenic lines to enable the observation and manipulation
of key aspects of the thymopoietic process.
Here, we report on a comprehensive analysis of the early
phases of thymopoiesis in zebrafish, carried out by continuous
observation of living embryos; the period covered in our study
ranges from the initial formation of the epithelial rudiment
of the thymic anlage, to the subsequent immigration of lympho-
cyte progenitors, to their ensuing intrathymic development,
to the eventual egress of the first T cells from the thymus.
Our results reveal several features of lympho-epithelial inter-
actions that also help to explain certain aspects of mouse
thymopoiesis.RESULTS
Development of the Thymic Microenvironment
In the mouse, Foxn1 expression marks the future thymic anlage
in the epithelium of the third pharyngeal pouch (Nehls et al.,
1996; Rodewald, 2008); indeed, Foxn1 expression is the most
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begins prior to the colonization of the thymus (Corbeaux et al.,
2010; Gordon et al., 2001). foxn1 is also expressed in the thymic
epithelium of zebrafish (Schorpp et al., 2002). Hence, we consid-
ered the possibility of using foxn1 expression as a marker of
the developing thymic epithelium. In order to monitor foxn1
expression at single-cell resolution in the thymic epithelium of
zebrafish, we developed a transgenic line expressing the red
fluorescent protein mCherry (Shu et al., 2006) under the regula-
tory elements of the zebrafish foxn1 gene (Figure 1A). As ex-
pected, fish transgenic for this recombinant bacterial artificial
chromosome (BAC) exhibited red fluorescence in the thymic
anlage (Figure 1B). With these transgenic fish, we determined
the time of onset of foxn1 expression during embryonic develop-
ment. Our results show that foxn1-driven mCherry expression
begins about 46 hr postfertilization (hpf), which corresponds
well with the expression of endogenous foxn1, as determined
byRNA in situ hybridization (Schorpp et al., 2002). After the onset
of foxn1 expression, the thymic rudiment remains alymphoid
for another 8–12 hr, when the first hematopoietic cells colonize
the rudiment (Figure 1C; Movie S1 available online). The foxn1-
expressing epithelial cells in the thymic rudiment continue to
proliferate, causing the thymic rudiment to gradually increase
in size; interestingly, this proliferation appears to be cell autono-
mous, because it occurs in the absence of lymphocyte progen-
itors (Figure 1D; Movie S2). Indeed, the growth of the thymic
rudiment can be best observed on an ikaros/ background,
where the development of the first wave of lymphocyte
progenitors fails (Schorpp et al., 2006) and the fewmacrophages
migrating through extrathymic tissues do not obscure the
view of the developing thymic epithelium (Figure 1D). Hence,
the foxn1:mCherry transgenic line enabled us to observe the
formation of the thymic anlage in real time in a vertebrate
species. Our time-lapse analysis confirms the long-held view
that the epithelial cells constituting the thymic anlage express
foxn1 and proliferate before the first lymphoid progenitors arrive
in its vicinity.
The ‘‘In-Out-In’’ Mode of Thymus Colonization
Time-lapse recording of lymphocyte progenitors traveling to the
thymus rudiment unexpectedly revealed that contact with the
thymic rudiment does not result in an immediate decrease in
migratory activity. Rather, the behavior of lymphocyte progeni-
tors can be characterized by an ‘‘in-out-in’’ mode of migration.
Incoming cells invariably exit the thymic rudiment after first
contact and only later return to it, eventually settling in it perma-
nently; some cells even execute the ‘‘in-out-in’’ routine several
times, migrating extensively through the perithymic mesen-
chyme (Movie S1). In order to provide formal proof for this
phenomenon, we created a transgenic zebrafish line expressing
a photoconvertible fluorescent protein, tdEosFP (Nienhaus et al.,
2006; Wiedenmann et al., 2004), under the regulatory elements
of the ikaros gene (Figure 1E), analogous to the previously
described ikaros:eGFP construct (Bajoghli et al., 2009). In these
transgenic fish, individual cells or groups of cells can be marked
by changing the green to red fluorescence. When recent thymic
immigrants are marked in this way, the ‘‘in-out-in’’ pattern can
easily be observed (Figures 1F and 1G; Movie S3). Individual
cells leave and re-enter several times before permanentlysettling in the thymic rudiment. The number of such cycles was
highly variable, ranging from 2 to 12 (4.3 ± 3.2 [mean ± SD];
n = 9); likewise, the periods of time spent outside and inside
the thymus during this routine varied widely, averaging about
30 min each (Figures 1H and 1I). The in-out-in migration mode
does not only occur when the thymic rudiment is first colonized;
‘‘excursion’’ events were of similar lengths over a period of 15 hr
(57.5–72.5 hpf; Figures 1J and 1K), suggesting that it is a general
feature of thymus-settling cells. Collectively, our data indicate an
unexpectedly dynamic nature of thymus homing characterized
by successive cycles of exit and reentry.
Morphological Changes in Thymic Epithelial Cells upon
Contact with Lymphocyte Progenitors
Mature thymic epithelial cells in mammals characteristically
exhibit a reticular phenotype with long cytoplasmic extensions,
providing large surface areas to support the interactions with
developing lymphocytes (De Waal and Rademakers, 1997).
Before colonization by T cell progenitors, foxn1-positive thymic
epithelial cells in the zebrafish embryo lack this characteristic
feature (Figure 1). However, extensive cytoplasmic extensions
are evident shortly after thymic epithelial cells have come into
contact with incoming lymphocyte progenitors (Figures 2A and
2B). In order to determine whether the morphological transfor-
mation is a cell-autonomous process or whether it is correlated
with the presence of lymphocytes, we examined the structure
of thymic epithelial cells in ikaros/ embryos lacking the first
phase of lymphoid progenitors (Schorpp et al., 2006). As shown
in Figures 2C and 2D, the rudiment proliferates, but the epithelial
cells continue to exhibit a blunted appearance well beyond the
point when the cells in the wild-type siblings are morphologically
differentiated. This suggests that the changes in epithelial
morphology are the consequence of a non-cell-autonomous
mechanism rather than the result of a stereotypic developmental
process. Because lymphoid progenitors are eventually formed
in ikaros/ embryos, it was possible to directly test this
hypothesis. When the second wave of lymphocyte progenitors
colonizes the thymus of ikaros mutant embryos at 14 dpf
(Schorpp et al., 2006), epithelial cells immediately undergo
morphological transformation within a period of less than a day
(Figure 2E). These observations provide direct evidence that
contact between the thymic microenvironment and lymphocyte
progenitors is essential for their morphological maturation and
that thymic epithelial cells in ikaros/ embryos maintain their
capacity for morphological transformation for an extended
period of time.
Routes of Thymus Colonization
The availability of fish simultaneously transgenic for fluorescent
markers of the thymus rudiment (foxn1:mCherry) and lympho-
cyte progenitors (ikaros:eGFP) afforded the possibility to
examine the precise migration routes of thymus-settling cells.
Initially, we revisited the issue of the origin of thymus-settling
cells (Bertrand et al., 2008; Kissa et al., 2008; Murayama et al.,
2006) by using ikaros:tdEosFP transgenic fish (Figure 1E) to
mark cells located in the equivalent of the mouse aorta-gonad-
mesonephros (AGM) or caudal hematopoietic tissue (CHT). No
red fluorescent cells were observed in the thymus at 4 dpf
when cells were marked at 24 and 30 hpf; by contrast, red cellsImmunity 36, 298–309, February 24, 2012 ª2012 Elsevier Inc. 299
Figure 1. Dynamic Nature of Thymus Homing
(A) Schematic of the transgenic construct to direct expression of mCherry to thymic epithelial cells. The mCherry cDNA was inserted in-frame into the second
coding exon of the foxn1 gene via homologous recombination in bacteria of a BAC spanning the entire foxn1 gene and extending into flanking genes.
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Hence, thymus-settling cells emerge in the zebrafish embryo
between 30 and 36 hpf. Under these conditions, cells originating
in the AGM were more often observed in the thymus than those
originating in the CHT (Figure S2), suggesting that the AGM is
a major source of thymus-settling cells.
Next, we observed the migratory paths of individual lympho-
cyte progenitors en route to the thymus anlage. Initial
experiments with foxn1:mCherry;ikaros:eGFP double-trans-
genic fish indicated that thymus-settling cells reached the
thymus via more than one route. In order to trace these routes
more precisely, we created a flk1:CFP transgenic line, which
additionally enabled visualization of vascular endothelium in
zebrafish embryos. Accordingly, the colonization process was
observed in foxn1:mCherry;ikaros:eGFP;flk1:CFP triple-trans-
genic embryos. For the sake of orientation, Figure 3A indicates
anatomical landmarks relevant to the discussion that follows
below; it also indicates the three sites (designated 1, 2, and 3,
in order of quantitative relevance) where lymphocyte progenitors
leave the vasculature on their way through the mesenchymal
compartment of the pharyngeal arches to the thymic epithelial
rudiment. Figure 3B (see corresponding Movie S4) presents
still photographs of a single embryo taken at various time points
after the start of the observation period (53 hpf). At 49 min
(00:49), the first green fluorescent lymphocyte progenitor
emerges from the triangular vascular network formed by the
posterior caudal vein, the primary head sinus, and the dorsal
aorta. Most lymphocyte progenitors exit the blood stream in
this region (site 1). The progenitor cell tracked in this experiment
divides at 02:28; interestingly, only one of the daughter cells
continues to migrate directly toward the thymic rudiment,
whereas the other daughter cell takes a detour (02:56; cf. Fig-
ure 1) before it resumes its migration toward the thymus. This
may be due to the required reorganization of chemokine recep-
tors at the polarized cell surface (Neel et al., 2005; Thelen and(B) The thymic epithelial anlage (encircled by dotted line) exhibits red fluorescence
ov, otic vesicle. The photographwas taken at 50 hpf, before the colonization of the
embryos. Scale bar rerpresents 10 mm.
(C) Still photographs of a time-lapse recording of a representative double-tran
[red fluorescence]). The still series begins at 57.5 hpf (00 hr:00min). Note the intima
evident at 09:54. Representative results for 20 embryos. Scale bar represents 5
See also Movie S1.
(D) Still photographs of a time-lapse recording of a representative double-transge
[red fluorescence]). The still series begins at 57.5 hpf (00 hr:00 min). Note the pres
not make contact with the thymic epithelium. Representative results for 12 embr
See also Movie S2.
(E) Schematic of the transgenic construct to direct expression of tdEosFP to hem
second coding exon of the ikaros gene via homologous recombination in bacter
(F) Trajectory (blue line) of a thymus-settling cell exhibiting the characteristic in-o
from green to red fluorescence; the selected cell leaves the thymus in the region i
the perithymic mesenchyme (end of blue line). Representative of 116 events. Sc
(G) Still photographs from a time-lapse recording illustrating the in-out-in pattern o
the same cell in all frames. Scale bar represents 10 mm.
See also Movie S3.
(H) Characteristics of in-out-in migration. Patterns were recorded for single cells
tissues are indicated by arrows.
(I) Distribution of extrathymic and intrathymic residence times for single cells sho
(J) Extrathymic residence times for 116 events over a period of 15 hr; 0 denotes 57.
embryos.
(K) Quantitative analysis of data in (J). Extrathymic residence times for two consStein, 2008). Shortly after the pioneer lymphocyte progenitor
has reached the thymic rudiment, other cells are found in its
vicinity (03:01). Remarkably, as described above, most cells
tend to leave the thymic rudiment for short periods of time before
returning to their original destination (03:12). The second most
important exit sites from the vasculature are the vessels located
directly adjacent to the thymic rudiment (site 2). In this example,
a cell is seen to extravasate at 03:23 and to migrate into the
thymic rudiment. The still photograph taken at 04:18 exemplifies
the highly dynamic ‘‘in-out-in’’ type of migratory behavior as indi-
cated by the fact that the thymic rudiment is transiently devoid of
lymphocytes. Finally, the quantitatively least traveled route is
a rostro-caudal path, where cells exit at site 3 (14:05) and quickly
enter the thymus (14:22). The in-out-in migration pattern was
observed for thymocytes independent of their original exit route,
although a thorough quantitative analysis was hampered by the
difficulty of photoconverting large enough numbers of cells
during the short interval between exit and first entry into the
thymus. As development progresses, the thymus becomes
increasingly colonized by green fluorescent lymphocyte progen-
itors; eventually they obscure most of the red fluorescence
emanating from the thymic epithelial compartment resulting
from their close association with thymic epithelial cells. Collec-
tively, our data argue for the presence of preferred points of entry
into the thymic rudiment, although their anatomical characteris-
tics require further study.
Blood Circulation Is Not Required for Thymus
Colonization
The observation that the overwhelming majority of thymus-
settling cells in the zebrafish embryo emanate from the vascula-
ture in the vicinity of the thymus suggests an important contribu-
tion of the blood flow to thymus homing. To directly examine this
requirement, we made use of the silent heart (sih) mutation,
which lacks blood circulation owing to malfunction of the heartin foxn1:mCherry transgenic fish. Major anatomical landmarks are highlighted;
thymic rudiment by lymphocyte progenitors. Photograph representative of four
sgenic wild-type embryo (ikaros:eGFP [green fluorescence]; foxn1:mCherry
te contact between lymphoycte progenitors and thymic epithelium, particularly
mm.
nic ikaros/mutant embryo (ikaros:eGFP [green fluorescence]; foxn1:mCherry
ence of numerous myeloid cells that migrate across the perithymic field but do
yos. Scale bar represents 5 mm.
atopoietic progenitor cells. The tdEosFP cDNA was inserted in-frame into the
ia of a BAC spanning the entire locus (Bajoghli et al., 2009).
ut-in pattern of migration. Intrathymic cells were marked by photoconversion
ndicated by the dotted circle and returns to the thymus after migration through
ale bar represents 10 mm.
f migration as in (F). The still series begins at 63 hpf (00 hr:00 min); arrows mark
(n = 9); each cell is indicated by a different color and periods in extrathymic
wn in (H) (mean ± SD).
5 hpf, as the starting point for the recording. Data pooled from observation of 16
ecutive 7.5 hr periods are shown (mean ± SD).
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Figure 2. Morphological Transformation of
Thymic Epithelial Cells upon Contact with
Lymphocyte Progenitors
(A) Still photographs of a time-lapse recording
of a representative double-transgenic ikaros+/+
embryo (ikaros:eGFP [green fluorescence];
foxn1:mCherry [red fluorescence]). The still series
begins at 72 hpf (00 hr:00 min). Only the red
channel is shown to demonstrate the rapid
changes of cell shape of thymic epithelial cells.
Representative results for ten embryos. Scale bar
represents 5 mm.
(B) Three-dimensional rendering of the thymic
anlage in a double-transgenic ikaros+/+ fish to
demonstrate the many intimate contacts between
lymphocytes and epithelial cells. Representative
results for ten embryos. Scale bar represents
5 mm.
(C) Still photographs of a time-lapse recording
of a representative double-transgenic ikaros/
embryo (ikaros:eGFP [green fluorescence];
foxn1:mCherry [red fluorescence]). The still series
begins at 72 hpf (00 hr:00 min). Only the red
channel is shown to demonstrate the undifferen-
tiated nature of thymic epithelial cells in the
absence of lymphocyte progenitors in the thymus.
Representative results for ten embryos. Scale bar
represents 5 mm.
(D) Three-dimensional rendering of the thymic
anlage in a double-transgenic ikaros/ fish to
demonstrate the blunted appearance of thymic
epithelial cells. Representative results for ten
embryos. Scale bar represents 5 mm.
(E) Onset of morphological transformation of
thymic epithelial cells upon contact with lympho-
cyte precursors. Still photographs of time-lapse
recordings of double-transgenic ikaros+/+ (wt)
ikaros/ (mut) embryos. The photographs were
taken at 19 dpf. Red and green channels are
combined in the first and third panel; the red
channel only is shown in the second and fourth
panel. The insets highlight the indistinguishable
reticular shape of thymic epithelial cells in both
embryos after colonization of the thymus. Repre-
sentative results for three wild-type and three
mutant embryos. Scale bar represents 5 mm.
See also Figure S1.
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observed that in about half of all mutant fish, the thymus was
colonized by lymphocyte progenitors; however, thymocytes
were fewer in number than in wild-types, compatible with
the severely reduced number of hematopoietic progenitors
in the absence of blood flow (North et al., 2009). Thymus
colonization was demonstrated by RNA in situ hybridization by
ikaros- and rag1-specific probes (Figure 4A) and by the use of
the ikaros:eGFP transgenic line (Figure 4B). In sih mutants
with eventual thymus colonization, the migratory behavior of
lymphocyte progenitors is not affected (Figure 4C; Movie S5);
in sih mutants in which thymus homing fails, overall motility of
hematopoietic cells is also preserved (Figure 4D; Movie S6).302 Immunity 36, 298–309, February 24, 2012 ª2012 Elsevier Inc.Furthermore, lymphocyte progenitors proliferate intrathymically
(Figure 4C), suggesting that T cell development is qualitatively
unimpaired in sih mutants. Our results thus unexpectedly reveal
that thymus homing is independent of blood circulation, sug-
gesting that the inherent migratory activity of lymphocyte
progenitors alone is sufficient for thymus colonization.
Chemotaxis Regulates Thymus Homing
The role of individual chemokines in regulating thymus homing
was examined in zebrafish embryos transgenic for both foxn1:
mCherry and ikaros:eGFP. This experimental system allowed
us to examine the spatiotemporal characteristics of this process,
rather than merely its overall outcome (Bajoghli et al., 2009).
Figure 3. Three Major Routes of Thymus Colonization
(A) Schematic highlighting major anatomical structures relevant to the three major sites of extravasation (numbered in order of importance) of lymphocyte
progenitors. The distribution of 131 exit events (recorded from 15 embryos for the 52–68 hpf observation period) among the three sites is shown on the right.
(B) Still photographs of a time-lapse recording of a representative triple-transgenic embryo (ikaros:eGFP [green fluorescence]; foxn1:mCherry [red fluorescence];
flk1:CFP [blue fluorescence]). The still series begins at 53 hpf (00 hr:00 min). The sites of extravasation from vessels are numbered as in (A); lymphocyte
progenitors exhibit bright green fluorescence. The marked regions are displayed in higher magnifications in the insets. For details, see text. Note that some
neurons in the retina and the brain also express ikaros; a subset of skin cells also expresses foxn1. Representative results for ten embryos. Scale bars represent
50 mm for overviews, 5 mm for insets.
See also Figure S2 and Movie S4.
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chemokine genes, ccl25a, ccl25b, cxcl12a, and cxcl12b. For
the sake of reference, Figure 5A demonstrates the coexpression
of the transcription factor gene foxn1 and one of its target genes,
ccl25a (Bajoghli et al., 2009; Bleul and Boehm, 2000). Hence, in
subsequent double in situ experiments, ccl25a expression
serves as a reference for the location of the thymic epithelium.
The expression patterns of the four chemokine genes are
complex (Figure S3) yet largely nonoverlapping (Figure 5B), indi-
cating their nonredundant functions. Remarkably, it appears that
ccl25a is the only chemokine gene that is expressed in the
thymic epithelium itself. ccl25b expression extends caudally
from the thymus and ensheathes the thymic rudiment. Thecxcl12a expression domain is located extrathymically, but also
extends into structures located rostrally of the thymus. The
expression domain of the cxcl12b chemokine gene is spatially
unrelated to the thymus rudiment.
Next, we examined by long-term time-lapse imaging the
effects of morpholino-induced suppression of chemokine
activity (Figure S4) on the appearance of progenitor cells in the
thymic rudiment of fish transgenic for both foxn1:mCherry and
ikaros:eGFP. Figure 6 and Figure S5 depict representative still
pictures spanning the time period from 52 hpf to about 68 hpf
(see Movies S7 and S8). The effects of gene knockdowns on
the homing process were determined by counting the number
of intrathymic ikaros+ cells at 63 hpf; to facilitate statisticalImmunity 36, 298–309, February 24, 2012 ª2012 Elsevier Inc. 303
Figure 4. Blood Circulation Is Not Required for Thymus Homing
(A) Whole-mount RNA in situ hybridization with antisense ikaros- and rag1-specific probes of wild-type (wt; top row) and silent heart mutant (sih/; middle and
bottom rows) embryos at 4 dpf. The thymus is highlighted by red circles; lateral views. About half of sih/ embryos contained at least one positive cell in the
thymic rudiment at this time point (histograms at right). Representative results for 70 wild-type and 59 and 56 mutant embryos. Scale bars represent 50 mm.
(B) A similar analysis of WT and sih/ fish additionally transgenic for ikaros:eGFP yielded similar results. Representative results in 400 wild-type and 174 and
183 mutant embryos. Scale bars represent 10 mm.
(C) Still photographs from a time-lapse recording tracking a thymus-settling precursor in a sih/mutant with eventual thymus colonization. The still series begins
at 52 hpf (00 hr:00min); several other time points are shown including high-power views of relevant regions (insets). Representative results for four embryos. Scale
bars represent 50 mm for overviews, 10 mm for insets. See also Movie S5.
(D) Still photographs from a time-lapse recording of a sih/mutant without thymus colonization. The cell shown at 01:19 and 02:12 time points is a myeloid cell,
which shows normal migratory behavior. Representative results for four embryos. Scale bars represent 50 mm for overviews, 10 mm for insets. See alsoMovie S6.
Immunity
Intravital Imaging of Thymopoiesisanalysis, we compared the numbers of embryos with 0–4 intra-
thymic cells to those with 5 or more cells. In single morphants,
homing is substantially affected by ccl25a (Figure 6) and cxcl12b
(Figure S5; see below), marginally affected by cxcl12a (Figure 6),
but not at all by ccl25b (Figure S5). All double morphants
show drastic effects (Figures 6 and S5). The following features
emerged from spatial analyses. In ccl25a morphants, cells
collect in the vicinity of the rudiment and begin to home to it
only toward the end of the observation period when the activity
of the morpholino in the growing embryo wanes. In cxcl12amor-
phants, thymus homing takes place but somewhat fewer cells304 Immunity 36, 298–309, February 24, 2012 ª2012 Elsevier Inc.can be detected in the thymic rudiment. Interestingly, in ccl25a
and cxcl12a double morphants, thymus homing fails and cells
collect further away from the thymus near exit site 1 (cf. Figure 4)
than in ccl25a morphants; hence, this phenotype supports the
notion that most progenitors reach the thymic rudiment via exit
site 1 (Figure 3A). This site is nearest to the ccl25a and cxcl12a
expression domains (Figure 5B). Time-resolved statistical anal-
ysis indicates that colonization of the thymus has taken place
in essentially all embryos by 63 hpf; a similar analysis of ccl25a
and cxcl12a double morphants demonstrates sustained inhibi-
tion of thymus homing (Figure S4). In ccl25bmorphants, homing
Figure 5. Expression Domains of ccl25 and cxcl12
Chemokines in 3 dpf Embryos
(A) Whole-mount double-fluorescence RNA in situ
hybridization of foxn1 (red fluorescence) and ccl25a (green
fluorescence). The colocalization in thymic epithelia of
foxn1 and ccl25a was revealed by confocal fluorescence
microscopy. Representative results for 50 embryos.
Scale bars represent 5 mm.
(B) High-resolution double-colorimetric RNA in situ
hybridization for the indicated genes; color code corre-
sponds to the images shown in lateral (first column), dorsal
(second column), and high-power (third column) views.
Expression of ccl25amarks the thymic epithelium (see A).
The red and green circles mark the thymus and the par-
athymic regions, respectively. Representative results for
50 embryos. Scale bars represent 50 mm for overviews,
20 mm for high-power views. See also Figure S3.
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expression domain of which is mostly outside the thymic rudi-
ment, makes little if any contribution to thymus homing. In
cxcl12b morphants, thymus homing is not delayed, although
the overall number of lymphocyte progenitors is reduced in these
embryos (Figure S5); in primary hematopoietic tissues, cxcl12b
appears to have a proliferative effect—for instance, a drastic
reduction of cells in the AGM is observed (Figure S6). Accord-
ingly, in ccl25a and cxcl12b double morphants, homing to the
thymus essentially ceases (Figure S5) because the number of
available progenitors is too low for efficient colonization. In
cxcl12b and ccl25b double morphants, homing takes place
(Figure S5); however, again owing to the effects of cxcl12b on
progenitor supply, only a small number of lymphocyte progeni-
tors can be found in the thymic rudiment. Collectively, these
results reveal the combinatorial regulation of thymus homing
and identify ccl25a and cxcl12a as the key regulators of this
process.
Intrathymic Migration of Thymocytes
In the thymus, lymphocyte progenitors are exposed to amicroen-
vironment that consists of hematopoietic and nonhematopoietic
cell types. The stroma not only provides the trophic factors
required for survival and proliferation, but also participates in
the induction of T cell lineage differentiation and the selectionImmunity 36, 298of a self-tolerant and diverse T cell repertoire.
During these consecutive developmental steps,
thymocytes traverse from one thymic niche to
another, each providing specific environmental
cues to differentiating cells. In keeping with
this general outline of T cell development in
the thymus, the thymocytes of zebrafish
embryos exhibit substantial migratory activity.
When green fluorescent thymocytes of ikaros:t-
dEosFP transgenic fish were photoconverted in
one half of thymus tissue and their location
observed at various time points thereafter, rapid
mixing of green and red thymocyte populations
is observed (Figure 7A); the estimated mean
velocity of thymocytes is in the order of 1 mm
per minute (0.79 ± 0.13; n = 4; mean ± SD),somewhat lower than the speed measured for thymocytes in
mouse thymi ex vivo (Witt et al., 2005). Collectively, these exper-
iments indicate that thymocytes are not confined to small
regions of the thymus but have access to the entire thymic
environment.
Egress of Thymocytes
To determine when the first cells emigrate from the thymus, the
entire thymocyte population of ikaros:tdEosFP transgenic fish
was photoconverted at various time points shortly after the
onset of intrathymic T cell development and the appearance of
red fluorescent cells at an extrathymic site (head kidney) was
recorded. This analysis proved to be complicated by the
above-described in-out-in migration pattern of lymphocyte
progenitors; individual cells are easily lost in the four-dimen-
sional tracking mode, making it difficult at times to decide
whether they have transiently or permanently left the thymus.
We chose the kidney in order to provide an unequivocal anatom-
ical reference point for permanent egress. Applying this criterion,
we established that the first cells reach the kidney at 146 hpf,
about 92 hr after the first immigrants reach the thymic rudiment
(Figure 7B). Owing to the rapid proliferation of thymocytes and
the resulting dilution of red fluorescent protein, it was not
possible to follow individual cells from the time of their entry
into the rudiment until their egress, thereby precluding the–309, February 24, 2012 ª2012 Elsevier Inc. 305
Figure 6. Chemokines Regulate Thymus Homing
Double-transgenic fish (ikaros:eGFP [green fluorescence]; foxn1:mCherry [red fluorescence]) were injected with gene-specific antisense morpholinos singly or in
combination. The type of gene-specific morphant is indicated at the top of panels in the first column. The cxcl12bmorphant exhibits a prethymic defect. See also
Figures S4–S6.
Shown are still photographs frommovies taken at several different time points, beginning at 52 hpf (00 hr:00 min; first column). The panels of the latest time point
(fourth column) contain insets depicting enlargements of the thymic (white dotted line) and parathymic regions. At 63 hpf, the numbers of cells present in the
thymic rudiments (marked with circles) was determined and are presented in the third column. The presence of R5 cells per rudiment was considered to be
indicative of normal colonization; hence, for statistical purposes, the fraction of embryos with 0–4 intrathymic cells was compared to those containingR5 cells:
ccl25amorphant, p < 1.274 3 1012; cxcl12amorphant, p < 0.033; ccl25a and cxcl12a double-morphant, p < 8.32 3 1010; Fisher’s exact probability test. The
numbers of embryos analyzed for each group are indicated. Scale bars represent 50 mm for overviews, 10 mm for high-power views (insets). The numbers of
embryos that were subjected to the analyses are shown in each panel. See also Movies S7 and S8.
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ment. Nonetheless, our results suggest that some cells remain
for less than 4 days in the rudiment before they leave and settle
in a peripheral hematopoietic tissue.
These data indicate a surprisingly short residence time of
developing thymocytes and suggest that their differentiation
and selection can be completed in a few days.
DISCUSSION
Operationally, thymopoiesis comprises the development and
maturation of the thymic microenvironment and the ensuing306 Immunity 36, 298–309, February 24, 2012 ª2012 Elsevier Inc.T cell differentiation. T cell development in the thymus occurs
in three consecutive phases: homing of lymphocyte progenitors,
their intrathymic differentiation into mature thymocytes, and
finally their egress from the thymus. We have succeeded in
recording these steps in real time by using transgenic zebrafish
lines that we have developed for this purpose. Several important
conclusions arise from our analysis.
Observing the formation of the thymic anlage in vivo, we
demonstrate that the proliferation of epithelial cells is a cell-
autonomous process and not dependent on the presence of
hematopoietic cells. We also show that, by contrast, the
morphological maturation of TECs into a reticular phenotype
Figure 7. IntrathymicMotility and Egress of T Cells
(A) Still images taken from a time-lapse recording of
ikaros:tdEosFP thymocytes of a 5 dpf embryo, immedi-
ately after photoconversion (00:00) and at 9 (00:09), 19
(00:19), and 66 (01:06) min thereafter. Representative
results for four embryos. The highest average velocity over
a 60 min observation period was 3.8 mm/min. Scale bars
represent 50 mm.
(B) Colonization of the kidney of ikaros:tdEosFP fish at
6 dpf after photoconversion of thymocytes at 5 dpf. The
top panel (scale bar represents 100 mm) depicts a bright-
image indicating the regions of the thymus (left panels
underneath) and the kidney (right panels underneath). The
fluorescent images depict, from top to bottom, the green,
red, and combined channels; two double-positive cells in
the kidney are marked by white circles. Representative
results for 15 embryos. Scale bars represent 10 mm.
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on a stereotyped cell-autonomous maturation program; the
transformation occurs within hours and hence appears to be
a direct response to the presence of (and presumably their
contact with) lymphocyte progenitors. This is reminiscent of
the morphological changes observed in the thymic microenvi-
ronment of mutant mice after replenishment of their T cell
compartment (Roberts et al., 2009). Hence, the observation
that TECs of zebrafish can be kept in a latent state with respect
to morphological transformation for extended periods of time
suggests that this property is evolutionarily conserved. The
latent capacity for morphological and functional maturation is
also in keeping with the unexpected observation that Foxn1-
deficient epithelium in mice can achieve thymopoietic activity
after birth upon resupply of the Foxn1 transcription factor (Bleul
et al., 2006). Because of the amenability of the zebrafish to large-
scale genetic and chemical screens, our experimental system
lends itself to the identification of genes and their products
regulating the expression of themaster regulator of TEC differen-
tiation, foxn1, and the ensuing process of lympho-epithelial
cross-talk.
An unexpected feature of the thymus homing process identi-
fied here is the in-out-in mode of thymus colonization. The initial
indications for this type of migratory behavior were obtained
in cd41:gfp transgenic fish; however, because a fluorescent
marker specifically identifying the epithelial compartment of
the thymus was not available, it remained unclear whether the
incoming progenitors interacted with the thymic capsule only
or were indeed in contact with thymopoietic epithelial cells them-
selves (Kissa et al., 2008). The finding that lymphoid progenitors
repeatedly immigrate into and emigrate out of the epithelial
anlage provides an explanation for the heterogeneous cell
surface expression patterns of the chemokine receptors Cxcr4,
Ccr9, andCcr7 ofmouse perithymic progenitors cells (Jenkinson
et al., 2007). It is known that after binding of chemokine ligands,
the receptor-ligand complexes are internalized by endocytosisImmunity 36, 298(Neel et al., 2005; Thelen and Stein, 2008),
reducing chemokine receptor expression at
the cell surface. If, as our results indicate, cells
transiently exit the thymic anlage and collect in
the perithymic region also in the mouse, theyare not distinguishable, by location, from new arrivals. Hence,
although the surface phenotype with respect to chemokine
receptor expression of these cells would be heterogeneous,
one would nonetheless expect significant overlap between the
intrathymic and parathymic populations. Indeed, despite cell
surface heterogeneity (Jenkinson et al., 2007), these populations
exhibit near-identical gene expression profiles and biological
properties (Desanti et al., 2011).
Our results add to the growing evidence that chemotaxis is the
major mechanism regulating thymus homing (Caldero´n and
Boehm, 2011; Love and Bhandoola, 2011). The combinatorial
analysis performed here suggests nonredundant roles of indi-
vidual chemokines in the functional network regulating thymus
homing. On a gross level, our results confirm the cooperative
action of ccl25a and cxcl12a described previously (Bajoghli
et al., 2009). However, the fluorescent marking of the thymic
epithelium made possible by the foxn1:mCherry transgene,
together with high-resolution RNA in situ hybridization analysis
of chemokine gene expression, points to a more detailed model
for thymus homing. When cells arrive close to the thymic rudi-
ment, they come under the influence of cxcl12a that is expressed
in a large domain of the pharyngeal arches encompassing the
area of the thymic epithelium. cxcl12a renders thymus homing
more efficient by perhaps transiently orienting progenitors
toward the thymic domain from which a ccl25a gradient
emanates to ensure the final homing process. Although it has
been suggested that thymus-settling cells exit the vasculature
at various locations and approach the thymus from different
directions (Kissa et al., 2008; Li et al., 2007), their precise assess-
ment required the use of the triple-transgenic fish developed
here. One interesting additional aspect of chemokine evolution
revealed by our studies pertains to an apparent subfunctionali-
zation of the paralogous cxcl12a and cxcl12b chemokines. It is
well known that in mammals, the single-copy cxcl12 chemokine
acts both as a chemokine and as a cytokine supporting the
proliferation of progenitor cells (Ma et al., 1998; Nagasawa–309, February 24, 2012 ª2012 Elsevier Inc. 307
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that in the hematopoietic system of the zebrafish, the latter role
has been assigned to the cxcl12b paralog, whereas the chemo-
tactic function appears to reside primarily in the cxcl12a paralog.
Our findings also address the role of blood circulation for T cell
development. Blood circulation is required neither for the gener-
ation of thymus-settling progenitors nor for thymus homing itself,
although we cannot exclude the possibility that minimal residual
blood flow occurs in sihmutants. Our results are compatible with
previous findings that the number of hematopoietic progenitors
is significantly reduced in the absence of blood flow (North
et al., 2009), because we find a lower number of thymus-settling
precursors in sih mutants. However, our data clearly show that
homing is not completely abolished, because about half of sih
mutant embryos show signs of ongoing intrathymic T cell devel-
opment. Thus, whereas in wild-type fish most thymus-settling
cells arrive in the vicinity of the thymic anlage via the blood, blood
circulation is not essential for productive homing, although it
might increase its efficiency. Once permanently settled inside
the thymic epithelial domain, thymocytes continue to migrate
and essentially roam the entire volume of the thymus. This
suggests that despite the relatively short residence time of
thymocytes before they emigrate toward the head kidney, they
may be exposed to all signals and interactions required for their
proper development. In future experiments, our transgenic
system could be used to determine the phenotype of thymocytes
emigrating at various time points of embryonic and larval devel-
opment. For instance, it will be interesting to examine whether
the first thymocytes to leave the thymus are of the gd type or
of the ab type.
In conclusion, we describe here a full cycle of thymopoiesis in
a vertebrate, from the initial formation of the thymic rudiment to
its colonization and intrathymic lymphocyte differentiation, and
the egress of lymphocytes from the thymus. These observations
strengthen the notion that at least the early steps of thymopoie-
sis are conserved over several hundred million years of evolu-
tionary time and firmly establish the zebrafish as an adequate
model for developmental immunology.
EXPERIMENTAL PROCEDURES
Zebrafish Stocks
Zebrafish (D. rerio) strain TLEK, the ikarost24980 mutant line (Schorpp et al.,
2006), and the ikaros:eGFP line (Bajoghli et al., 2009) are kept in the animal
facility of the Max-Planck Institute of Immunobiology and Epigenetics. Silent
heart mutants, sihtc300b (Chen et al., 1996), were kindly provided by H.-G.
Frohnhoefer (Tu¨bingen Zebrafish Stock Center, Tu¨bingen, Germany). Animal
experiments were conducted under a license from the local government.
Derivation of Zebrafish Transgenic Lines
The generation of ikaros:tdEosFP and foxn1:mCherryBAC transgenic lines and
the flk1:CFP transgenic line is described in Supplemental Information.
Confocal and Time-Lapse Microscopy of Transgenic Embryos
Details of the procedures for long-term imaging analysis are described in
Supplemental Information.
Whole-Mount RNA In Situ Hybridization
Whole-mount RNA in situ hybridization was performed with digoxigenin-
labeled RNA riboprobes as described (Schorpp et al., 2006). Double in situ
hybridizations were done as described (Jowett, 2001). The following
probes were used: ccl25a, nt. 34–373 in GenBank accession number308 Immunity 36, 298–309, February 24, 2012 ª2012 Elsevier Inc.XM_002660965; ccl25b, nt 84–477 in NM_001200035; cxcl12a, nt. 26–568 in
NM_178307; cxcl12b, nt. 56–349 in NM_198068.
Analysis of Zebrafish Morphants
Gene-specific morpholino antisense oligonucleotides were manufactured by
Gene Tools (Philomath, OR). Sequence information is given in Supplemental
Information. The efficacy and specificity of morpholinos to inhibit translation
was tested by their addition to reticulocyte lysates as described in Supple-
mental Information.
Determination of Thymocyte Velocity
The average velocity of thymocyte populations was determined as follows.
Lymphocytes transgenic for ikaros:tdEosFP were photoconverted in the
rostral half of the thymic rudiment and the time until complete mixing of green
and red cells had occurred was recorded (usually between 70 and 90 min).
Under these conditions, the average distance traveled by thymocytes is
equivalent to ([1+1/2]/2 =)3/4 of the diameter of the thymic rudiment.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and eight movies and can be found with this article online at
doi:10.1016/j.immuni.2011.12.016.
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